Abstract Evaluating the surface and core compositions of transforming nanoparticles (NP) represents a significant measurement challenge but is necessary for predicting performance in applied systems and their toxicity in natural environments. Here, we use X-ray photoelectron spectroscopy (XPS) and attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy to characterize both the surface and core of polyvinyl pyrollidone-silver nanoparticles in the presence of two Suwannee River fulvic acid (FA) standards and humic acid (HA) during sulfidation, the predominant transformation pathway in environmental systems. Only by using data from both spectroscopic methods was a clear relationship established between AgNP core composition and FA affinity established, where concomitant loss of FA was observed with Ag 2 S formation. Using XPS to measure AgNP surface composition, overlapping trends from XPS on FA I desorption from the AgNP surface as function of surface sulfidation were observed with FA II in the ATR-FTIR measurements. The reproducibility of the changing heterogeneous coating as a function of AgNP sulfidation provided a transferable method to determine the extent of Ag sulfidation without further need for the high resolution, high cost measurement tools that underpinned validation of the method. The relationship was not observed for HA, where a lower affinity to the AgNP surface was observed, suggesting distinct binding to the NP.
Introduction
Monitoring chemical transformations of nanomaterials in complex environments is a challenging, yet critical, aspect of understanding their performance, fate, and toxicity (Hamers 2017; Laborda et al. 2016) . Furthermore, the tools necessary to determine chemical composition of nanomaterials often have low throughput and/or low surface sensitivity, which increases the cost to acquire statistically significant data for determining the distribution of species present in a system. An approach to address the measurement challenge of quantifying chemical transformations is first implementing methods with improved sensitivity, resolution, and chemical recognition to elucidate the underlying pathways of transformation with state-of-the-art instrumentation. The knowledge gained can be used to develop transferrable methods that can examine similar processing with more accessible instrumentation and frequently higher throughput. The transferrable methods can facilitate testing for nonexperts or implementation in quality control processes when confidence in the accuracy and reliability of the data has been previously underpinned by more comprehensive investigations.
Silver nanoparticles (AgNPs) represent an ideal test case to begin developing methods to monitor chemical transformations (i.e., surface composition) of metallic NPs occurring in natural and engineered systems, because their core composition and adsorbed surface species reportedly affect toxicity (Levard et al. 2013; Miclăuş et al. 2016) . AgNPs are ubiquitous in consumer products, and silver sulfidation is the predominant transformation pathway after release (Kent et al. 2014; Levard et al. 2012) . In natural systems, adsorption of natural organic matter (NOM) on NP-based systems can reportedly affect their stability and fate as well as physicochemical transformations. Adsorption of model NOM components, Suwannee River fulvic acid (FA) and humic acid (HA) standards, on different AgNP surfaces has been previously studied phenomenologically prior to (Collin et al. 2016; Gunsolus et al. 2015; Römer et al. 2016; Yin et al. 2015) and after AgNP sulfidation, (Azodi et al. 2016; Baalousha et al. 2015; Liu et al. 2011; Thalmann et al. 2016; Zhang et al. 2016; Zhu et al. 2016 ) but limited chemical speciation and characterization of the surface has been reported.
The interaction between nanoparticles and NOM components continues to be a reported knowledge gap limiting the understanding of nanomaterials' fate and thus, risk (Grillo et al. 2015; Yu et al. 2018) . Previously, we demonstrated the preservation of an engineered coating (polyvinylpyrrolidone; PVP) on AgNPs when exposed to different molar ratios of sulfide species (HS − and S 2− ) in the presence and absence of FA (Pettibone and Liu 2016) . Because HA and FA reacts with S 2− and HS − species (Heitmann and Blodau 2006; Li et al. 2015) , it is reasonable to surmise the adsorbed surface shell evolves while reacting with sulfide species and could affect AgNP sulfidation reaction and subsequent geochemical processing (Li et al. 2015) . Establishing the relationship between AgNP composition and surface coverage would provide data for understanding AgNP stability, interactions with other interfaces, and predicting their ultimate fate, which should aid in improved performance design and lower the environmental impact for a broad range of metallic-based nanomaterials. Some studies have begun to directly examine the surface properties of AgNPs during transformations, including our group, and reported results for the sulfidation of PVP-coated AgNPs in the presence and absence of Suwanee River HA and 1.08 S to Ag molar ratio. Zhu et al. (2016) concluded a loss of PVP concomitantly occurred with HA adsorption and during sulfidation, which were based on qualitative and semiquantitative XPS results of the N 1s loss and changes in carbon functionality, respectively. These results provided preliminary data for proceeding with more quantitative and comprehensive studies. Other recent studies have used measurement methods that do not directly examine the NOM component-NP surface interaction directly, and thus, were limited in their ability to distinguish the role of the changing heterogeneous ligand shell to physical and chemical changes of the AgNP under investigation.
More comprehensive studies to achieve the stated goal of elucidating relationships between interfacial properties and colloidal stability for dynamic NP systems require characterizing the surface elemental and chemical makeup of the surface transformations. Thus, three specific areas to address and improve the characterization of surface properties in the sulfidation of AgNPs include (1) characterizing the NP's surface composition in addition to the ligand shell composition; (2) monitoring relative changes to surface coverage during sample preparation to verify results from carbonaceous ligands are not confounded by surface contamination; and (3) examining a broader range of sulfide to Ag molar ratios (samples) to improve the statistical significance (replicates) of data, resulting in a more quantitative relationship between AgNP core composition and ligand shell composition. By expanding upon these areas, phenomenological observations can be directly related to NP interfacial properties with other surfaces, which is a currently reported knowledge gap, and should accelerate future design and improve safety.
In the current study, we provide systematic and comprehensive examinations of the heterogeneous ligand shell as a function of the sulfide to Ag molar ratio and investigate relationships of NOM component coverage with AgNP (surface) core composition. Differences in the adsorption of two FA standards (FA I and FA II) and HA II on the changing AgNP surface were examined, which demonstrated the complexity of using small molecules as model systems for NOM. The robustness of the PVP on the AgNP surface in the presence of all FA standards and increasing sulfide concentrations were examined, and a methodology for characterizing and quantifying changes to the ligand shell on NPs during sulfidation is reported with details to extend the work to increasingly complex systems. Finally, we demonstrate that systematically investigating the primary transformation processes of metallic AgNPs can provide data to begin developing transferrable methods or functional assays that result in reliable data at lower costs with respect to capital investments and time.
Experimental
Materials and methods X-ray photoelectron spectroscopy (XPS) was carried out using an Axis Ultra DLD (Kratos Analytical) with a monochromatic Al Kα X-ray source. Unless otherwise mentioned, all XP spectra were acquired under charge neutralization using a low-energy electron flood source. Emitted photoelectrons were collected along the surface normal with full surveys collected at pass energy 160 eV and higher resolution spectra collected at a pass energy 40 eV. All spectra were collected using a FOV1 lens and a 110-μm aperture, yielding a nominal diameter of approximately 200 μm as the area of analysis. All samples were analyzed in four, spatially unique locations unless otherwise noted.
Samples were prepared by drop casting PVP-coated AgNP suspensions with and without FA standard I and II (International Humic Substances Society, MN), and HA II standard (IHSS, MN) at various stages of processing onto a gold-plated silicon wafer which had been cleaned using ethanol. Control measurements were made on sputter cleaned silver foil and silver sulfide surfaces.
Analysis to obtain information on the surface elemental distribution of species was performed on the O (1s), N (1s), Ag (3d), C (1s), and S (2p) elemental windows using CasaXPS (Teignmouth, UK). Spectra were also collected for the Au (4f) to assess the quality of the deposition and cleanliness of the deposited pellet. The criteria for sample preparation and spot selection used was < 1 atomic % exposed gold in the spectrum. All elemental regions were fit with a Shirley background except the N (1s) and the S (2p) regions which were fit with a linear background. All regions were energy corrected by adjusting the Ag (3d 5/2 ) peak maximum to 368.2 eV that was chosen due to its minimal shift when changing oxidation state.
Surface chemical analysis was subsequently performed for both the silver and the carbon species representative of the particle and the stabilizers, respectively.
To obtain information on the chemical state of the silver, the Ag MNN Auger feature was obtained. The silver chemical state has previously been demonstrated to be measurable by acquiring the modified Auger parameter (α') where
The benefit of this approach is that this value is independent of any discrepancies in the energy scale correction and will scale according to the peak to peak separation between the Ag (3d) photoelectron peak maximum (BE Ag(3d5/2) ) and the kinetic energy (KE) of the Auger transition identified as the difference between the X-ray energy (hν) and the binding energy of the Ag(MNN) (BE Ag(MNN) ) (Gorham et al. 2012) .
The chemical analysis of the carbonaceous layers on the AgNP deposits was accomplished by peak fitting the C (1s) region. The area under the curve was fit with the following peaks, which were Gaussian (G) with 30% Lorentzian (L) tailoring, or GL curves: (1) a hydrocarbon component, 284.9-285.5 eV (CH x ); (2) a component representative of carbon singly bound to oxygen or nitrogen, 285.9-286.7 eV (CO/CN); (3) a component representative of amides, 287.7-288.5 eV (C(O)N); and (4) a highly oxidized carbon component over 289.0 eV (C(O)O). The full width half maximums (FWHM) were kept consistent for a given spot and were generally between 1.2 and 1.6 eV. The reported XPS values and error bars represent the average and 1σ for at least triplicate measurements on each sample.
Batch and ATR-FTIR experiments
For batch samples, the 0.3 mg mL −1 PVP-AgNPs suspensions of 2 mL samples were prepared in 5 mL amber vials. Research grade NIST RM8017 (2016) (75 nm 40kDA PVP-coated AgNPs) was first added to DI water; subsequent addition of pH adjusted Suwannee River fulvic acid standards, FA, (≥ 0.83 mass fraction of FA to Ag) occurred and the suspension was mixed for at least 5 min. Na 2 S was added last and the solutions were mixed for ≥ 24 h on a vortex mixer at 250 rpm. Samples were prepared for XPS analysis through two rounds of centrifugation, decanting off the supernatant, and resuspending in DI water. Quenching the reaction at 24 h by multiple centrifugation and decanting steps consistently resulted in reproducible results (n > 2) for both sealed and unsealed vials; thus, the amount of dissolved oxygen was not a predominant factor for any differences in (i.e., higher [S]/[Ag]) Ag 2 S formation. The resulting suspension was dropcasted onto goldcoated silicon wafer substrates and cleaned with sequential ethanol and water rinses. Flow cell experiments were conducted using 45°Ge horizontal ATR crystals with 500 μL volumes (Pike Technologies, Madison, WI). Batch samples were conducted using FA I, FA II, and Suwannee River humic acid standard II, HA, where the NOM component solutions were pH adjusted to 7.0 ± 0.2 prior to addition into the AgNP suspensions. The reference spectra for the NOM components and PVP for both XPS and ATR-FTIR are found in Fig. S1 . Because PVP-coated NPs redisperse easily when aqueous solutions are flowed through the cell, even at flow rates below 500 μL min
, films comprising citratecapped AgNP (70 nm, BioPure, NanoComposix) were prepared by dropcasting 0.5 mL of 1 mg mL −1 AgNP suspension onto the crystal and allowed to dry, which created a stable platform to examine in situ processing of the ligand coating on AgNPs. Subsequently, excess amounts (> 0.99 mass fraction) of 40 kDa PVP were added, allowed to equilibrate with the surface, and excess, unattached polymer were rinsed out of the flow cell with DI water. In situ examination of the films with ATR-FTIR exhibited a loss of citrate on the surface through a ligand exchange process with the PVP. This process was repeated with NOM component solutions (0.83 mass fraction) adjusted to pH 7.0 ± 0.2. After the solution reached equilibrium, which was defined as peak height change < 2% for the ν(CO) as , the film was rinsed with DI water. To determine the adsorbed FA amount on the film, spectra from water over the washed PVP film and water over the washed FA film were ratioed to determine NOM component adsorption. To determine if the loss of PVP and FA could be detected in the presence of sulfide solutions, the spectra at different time points after [S]/ [Ag] = x addition were ratioed to a water blank spectrum above the PVP and FA-coated AgNP film. All spectra represent 200 scans collected at 2 cm −1 resolution on a Nicolet is50 FTIR spectrometer.
Results and discussion
We examined the equilibrated products that resulted from the reaction between monodisperse, PVP-coated AgNP and increasing molar concentrations of Na 2 S to AgNPs at pH ≈ 7, which was notated
where 0 ≤ x ≤ 4, to begin investigating the relationship between a changing AgNP core and ligand shell composition. First, to examine the interaction of FA standards on the transforming surface, batch dynamic light scattering (DLS) experiments were run on the purified, pristine samples. The z-average diameter of the PVPcoated particles decreased from (90 ± 2) nm to (82 ± 2) nm after the addition of FA I. The decrease in diameter suggested that the FA attaches to the surface of the AgNP instead of with PVP. The observed decrease in size also suggests some weakly bound PVP is removed after the introduction of FA. To develop a relationship between AgNP core surface chemical composition and the ligand shell composition during sulfidation, the abilities to (i) distinguish PVP from FA on the surface and (ii) determine the presence/absence of AgNP transformations (NP core or ligand shell) are required. We note that because XPS provides an information depth ≈ 10 nm, the term Bcore^herein refers to the surface of the NP core available for examination. Furthermore, based on previously reported XPS results, we posited that PVP on the surface could be followed simply by monitoring the N (1s) region, but this assumption proved to be less reliable than previously reported.
To first examine the capacity of XPS to monitor the ligand shell during reactions using the previously applied approach, we examined the ligand shell composition of FA+PVP-AgNP and PVP-AgNP However, no consistent, statistically meaningful trends were observed between 0 < [S]/[Ag] ≤ 2 in the N% data set. The changing N% suggests that the PVP coating changes after sulfide addition and could not be evaluated with XPS alone, which could limit the ability to develop relationships between colloidal stability, surface composition, and NP surface composition.
Because following N (1s) was insufficient for monitoring changes to the ligand shell as previously reported, further data analysis was performed. (Fig. S3 and Fig. 1) , which was previously assigned to imide functionality during PVP photodecomposition (Louie et al. 2017 ). The likely photodecomposition product peak decreased after [S]/[Ag] addition and remained < 1% of the total elemental composition, demonstrating minimal contribution to the C(O)O BE peak in FA+PVP-AgNP samples. Evidence in the XPS data to support the assignment of the 289.5 eV peak as C(O)O from FA was observed with the increased O (1s) contributions in the FA+PVP-AgNP when compared to the PVP-AgNP samples (Fig. 1) . Furthermore, with increasing [S]/[Ag], C(O)O and O 1s atomic percentages decreased while Ag and S atomic percentages increased, which is consistent with the loss of FA and revealed a relationship between the AgNP core composition and ligand shell composition that has not been previously reported. However, additional measurements were necessary to more confidently assign the spectral features observed in the XPS data .
To verify the XPS spectral assignment of the C(O)O peak was associated with FA and further examine the changing ligand composition on the NP surface, ATR-FTIR flow cell experiments were conducted to examine the changing surface species after addition of increasing [S]/[Ag]. FA needed to be distinguishable from PVP within the ligand shell, which was accomplished by examining the temporal evolution of a film comprising FA+PVP-AgNP exposed to [S]/[Ag] = 1 (Fig. 3a) . We note the AgNP samples were not the same AgNP monitored with XPS. The in situ flow cell ATR-FTIR studies were only used for in situ monitoring of the ligand shell evolution during sulfidation (i.e., examine characteristic vibrational modes from FA and PVP, which are more easily were observed with increasing time (dashed line), which are attributed to C-O asymmetric (ν as ) and symmetric (ν s ) vibrational modes (Yoon et al. 2004 ). Negative peak intensities (i.e., loss of species) for characteristic PVP vibrational modes (Janarthanan and Thyagarajan 1992) were not present. The evidence supports previous findings (Pettibone and Liu 2016 ) that loss of PVP was below the limit of detection for FTIR and was consistent with both XPS and DLS data that support initial losses of weakly bound PVP after [S]/[Ag] addition. In summary, both XPS and ATR-FTIR demonstrate that To monitor sulfidation on the AgNP, we employed XPS to directly monitor the transition from Ag 0 to Ag 2 S using modified Auger parameters (α') (see SI for further information). For PVP-AgNPs (Fig. S6) , decrease in the α' from 726.1 to 724.9 eV was observed over [S]/ [Ag] = x, 0 ≤ x ≤ 2, which was consistent with controls for Ag 0 and Ag 2 S, respectively, as well as with previous results (Gorham et al. 2012 ). In the presence of excess FA (≥ 0.83 FA mass fraction), the Ag peak intensities are attenuated, which we attributed to an increased ligand shell density based on increased total C% in the unsulfidized samples, and made direct chemical measurements intractable for Ag 0 . However, at increased [S]/[Ag], the growth of the Ag (3d) peak and the Ag(MNN) transition was observed. The data represent a changing surface as function of increasing sulfide addition evidenced by the BE and KE Ag features, and the S (2p) peak position of 161 eV was consistent with previous work for sulfur in Ag 2 S (Naumkin et al. 2000) .
The elemental ratio of S to Ag, S:Ag, for the surface probed with XPS, is reported in Fig. 4a , where the measured ratio of a Ag 2 S reference is plotted as the dotted line (0.47 ± 0.02) and uncertainty is the first standard deviation of at least triplicate measurements. Overall, the S:Ag values converged towards the pure Ag 2 S control near [S]/[Ag] = 2, demonstrating the utility of the approach. The differences in S:Ag (i.e., depressed S:Ag in FA+PVP-AgNP samples) can be attributed to attenuated Ag signal caused by an increase in ligand density for the FA+PVP-AgNP. The observed convergence to pure Ag 2 S occurs at higher [S]/[Ag] after 24 h than previously reported (Levard et al. 2011) , which can be attributed to nonuniform processing on the NP surface (characterized in Fig. S2 ) (Fang et al. 2013) . The passivation on NPs has been reported with contrasting results (Baalousha et al. 2015; Kent et al. 2014; Levard et al. 2011; Liu et al. 2011) , suggesting ligand shell characterization is critical for better predictions of fate and performance. For samples containing FA II (Fig. S7C) , a similar trend was observed to the FA I containing samples in Fig. 3 , indicating the conversion of Ag to Ag 2 S and ligand shell composition followed similar mechanistic pathways.
By combining the ATR-FTIR data demonstrating unchanging PVP coatings that supports sulfur is only associated with the AgNP core and semiquantitative capabilities of XPS for both ligand and NP surface composition, a linear relationship between FA coverage in atomic percentage and AgNP core composition was developed by plotting COO% vs S % (Fig. 3b ). An inverse relationship between FA adsorption and the sulfidation of AgNP core was evident and provided a calibration to estimate core composition based on the relative FA coverage on the AgNP.
Because our goal was to develop transferable methods using more accessible equipment, we directly compared the ligand coverage-surface composition relationship derived from XPS results (Fig. 3b) FTIR experiments, we used the commercially available SRFA II standard as a test case. Changes to SFRA II coverage represented a sample that was more difficult to evaluate with XPS due to lower affinity to the AgNP surface (Fig. S7B) ; therefore, the ability to detect changes in FA II coverage on the AgNP using FTIR-based methods would demonstrate applicability of the observed FA I trend to a wider, more challenging system. Using ATR-FTIR to investigate dried batch samples prepared in the same manner as the XPS measurements, the relative change in the ligand composition could be tracked by monitoring the total integrated area (A tot ) of the ν(CO) as vibrational regions for PVP and FA from (1800 to 1505) cm (Fig. 5) . From the data, FA II remains on the silver surface at the lowest degrees of sulfidation as evidenced by the retention of the characteristic ν(CO) as vibration. With increasing sulfidation (S:Ag), a loss of FA II was observed that was consistent with FA I systems. Additionally, by plotting A Tot /A PVP versus [S]/[Ag] from the ATR-FTIR experiments, complete conversion of the AgNP nanoparticle surface to Ag 2 S was estimated at [S]/[Ag] = 0.68 ± 0.05 (Fig. S8) , which is consistent with X-ray diffraction measurements (Zhang et al. 2018) . Overall, these results provide strong evidence for the transferability of the XPS measurements to a more accessible measurement method such as ATR-FTIR. The consistency of the surface coverageAgNP core composition relationship, even using different FA standards, demonstrates the ability of the current method to evaluate composition related relationships for different testing endpoints, such as toxicity, without the further need for specialized instrumentation.
Comparison of NOM components
Because the NOM component interaction with engineered and natural nanomaterials continually is a reported knowledge gap, (Grillo et al. 2015; Yu et al. 2018) we examined HA interactions with the PVPAgNP reference material. Previous studies have reported sulfidation processes on AgNPs in the presence of HA are distinct from our above findings in the FAcontaining systems. We, therefore, applied a similar combined spectroscopic approach to examine HA+ PVP-AgNP samples (see Fig. 6, Figs. S4 and S9) . The initial adsorption of HA onto the AgNPs yielded lower elemental percentages compared to FA I (Fig. 2) based on highly oxidized carbon (e.g., C(O)O), and an increased percentage of aromatic and hydrocarbon species were observed. The change in the composition of the HA standard limited the analyses to monitoring predominantly changes in total carbon. For samples [S]/[Ag] = x, where 0 < x < 2, a relatively constant N (1s) signature was observed (Fig. 5) , consistent with the FA-containing samples (Fig. 2) (Fig. 4) , which was similar to the PVP-AgNP samples. Furthermore, the Ag(MNN) spectra were not attenuated after HA adsorption and prior to sulfide addition (Fig. S9) , further supporting lower HA coverage on the surface. Again, the introduction of [S]/[Ag] = 4 resulted in a loss of Ag% and S% and increased adsorbed surface C content (Fig. 6 ). Molar sulfide concentrations required to remove PVP in the FA systems have previously been demonstrated to be greater than a factor of two higher, (Pettibone and Liu 2016) Figs. 2 and 6). Second, limited stability of fully sulfidized Ag 2 S films in the flow cell was observed in the presence of HA, restricting the ability to monitor changes in peak intensities. The differential spectra of the PVP-capped film in the presence of excess HA (> 0.9 mass fraction of HA to Ag) seemingly exhibited a loss of PVP on the crystal surface after 10 min. This feature loss in the spectrum occurred concomitantly with a decrease in film stability that was not observed to occur with similar Ag 2 S mass loadings in the FAAg 2 S system. This film instability was also observed in films containing doubled mass of Ag 2 S (1 to 2 mg) to increase particle-particle interactions that were never observed in the presence of FA, demonstrating the colloidal dispersion capabilities of HA without direct binding to the NP surface. We note that AgNPs used in the flow cell studies likely do not have the same PVP and NOM component coverage as the batch samples used for XPS. However, comparison to the flow cell experiments with FA and HA, the disparate affinity to the AgNP surface and role in colloidal stability of the NP suspensions, which contribute to NP fate, could be evaluated. The distinction between NOM and its components acting as a dispersant or directly binding to the surface to result in stabilization of a suspension or changing the NP ligand shell has not been well-studied and further studies in different environments (pH, ionic strength, NOM components, etc.) are warranted. Overall, the ATR-FTIR data demonstrated the importance of implementing orthogonal techniques or additional methods to corroborate data interpretation in dynamic systems, which would have led to misinterpretation of the observed PVP loss in the flow cell experiments.
Conclusions
A relationship between AgNP surface composition and FA coverage was elucidated using spectroscopic methods to quantify both the AgNP core composition and heterogeneous organic coating comprising FA standards and PVP. The (nearly) linear relationship between surface composition and FA coverage that was validated using high resolution and high surface sensitivity instruments provided data to develop a transferrable method to reliably estimate the surface NP composition in PVP-coated AgNP systems by simply monitoring percent coverage, without the need for further use of similar high cost instrumentation. The transferability was demonstrated using ATR-FTIR to monitor relative change of FA II coverage as a function of AgNP sulfidation (S:Ag), which was difficult to monitor with XPS due to lower coverage on the AgNP than FA I. The current methods could be extended to other methods to estimate AgNP composition with simple fitting procedures. The combined XPS and ATR-FTIR findings highlight the need for robust experimental design and systematic approaches to examine both changing interfaces in the current system and other nanomaterialbased systems. More complete data sets in general will improve our understanding of the relationship between physical transformations, chemical transformations, and colloidal stability in engineered and natural systems. To achieve the goal of developing transferable methods and begin elucidating the weighted factors that contribute to reported phenomenological results in complex media, the current work also directly monitored the changing affinity of FA and HA with the transforming surface of AgNP during sulfidation using surface sensitive techniques, which to the best our knowledge had not been systematically explored. Using HA as a probe molecule for NP surface composition was not successful, because the interaction with the PVP-coated AgNP surface did not result in distinct shell compositions. Similar to the FA system, PVP preservation was preserved on the transforming AgNP surface at [S]/[Ag] = x, 0 ≤ x ≤ 2 in the presence of HA, which contrasted with previously reported results from a more limited data set. At higher [S]/[Ag], removal of the PVP coating was observed, which also coincided with increased uptake of carbonaceous species on the NP surface and film instability in ATR-FTIR flow cell. The observed surface chemical differences on the transforming AgNP in the presence of the commonly used IHHS standards demonstrate the complexity of NP transformations, which cannot be characterized with limited sample sets or without proper measurement methods (Gunsolus et al. 2015) .
Overall, the current findings demonstrate the ability to validate and transfer results and relationships from combined XPS and ATR-FTIR measurements to FTIR techniques alone, which are generally more accessible, to follow PVP-AgNP transformations in well-defined systems for fate and toxicity evaluation. Further development of molecular-based probes to determine composition or surface site availability for other NP systems could also be developed using similar approaches, which would require similar systematic studies to elucidate the relationship between the probe molecule and the changing NP surface. Underpinning phenomenological observations with detailed understanding of the chemical and physicochemical changes that are associated with the transformation provide opportunities to develop higher throughput and lower cost methods to produce more reliably accurate data.
